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The interaction between the nucleocapsid core and the glycoprotein spikes is a critical component in the budding process
of alphaviruses. A molecular model was previously proposed which suggested that this interaction was mediated by the
binding of the cytoplasmic domain of glycoprotein E2 into a hydrophobic pocket found on the surface of the nucleocapsid
protein [S. Lee, K. E. Owen, H.-K. Choi, H. Lee, G. Lu, G. Wengler, D. T. Brown, M. G. Rossmann, and R. J. Kuhn (1996)
Structure 4, 531–541; U. Skoging, M. Vihinen, L. Nilsson, and P. Liljestro¨m (1996) Structure 4, 519–529]. Two hydrophobic
amino acids in the cytoplasmic domain of E2 were predicted to be important in the contact between the proteins. One of
the residues, Y400 (Sindbis virus numbering), had previously been shown by mutational studies to be important in the
budding of Semliki Forest virus [H. Zhao, B. Lindqvist, H. Garoff, C. H. von Bonsdorf, and P. Liljestro¨m (1994) EMBO J. 13,
4204–4211]. The role of the second residue, L402, had not been examined. By creating a panel of amino acid substitutions
at this residue, followed by phenotypic analysis of rescued mutant viruses, we now show that L402 is critical for the
production of Sindbis virus. Substitutions at this amino acid inhibit budding, and the data suggest that L402 plays an
important role in the interaction between the glycoprotein and the nucleocapsid core. These data support the model and
suggest that the proposed molecular interactions are important for the budding of alphaviruses from the cell. q 1997 Academic
Press
INTRODUCTION binds to a single monomer of nucleocapsid protein
(Cheng et al., 1995). Perhaps as a consequence of both
Alphaviruses are single-stranded, positive-sense RNA
steric restriction and the lack of specific signals present
viruses found in worldwide distribution (Strauss and
on host transmembrane proteins, the incorporation of
Strauss, 1994). The multilayer organization of this genus host proteins into mature virions has not been observed
of viruses has been demonstrated using biochemical and (Cheng et al., 1995; Strauss and Strauss, 1994).
cryoelectron microscopy techniques (Cheng et al., 1995; Sequence analysis of western equine encephalitis vi-
Fuller, 1987; Paredes et al., 1993a; Vogel et al., 1986). rus has suggested that both capsid and E2 glycoprotein
The 12-kb RNA genome is encapsidated by 240 identical residues are important for the association between the
copies of the nucleocapsid protein, forming a symmetri- proteins (Hahn et al., 1988). Experiments designed to
cally arranged T 4 icosahedral core (Cheng et al., 1995; identify the sequences involved in the interaction have
Coombs and Brown, 1987; Paredes et al., 1993b). This focused primarily on the glycoproteins. Although the two
nucleocapsid core (NC) is in turn enveloped by a lipid residues of E1 which comprise its cytoplasmic domain
bilayer membrane. Distributed throughout the mem- are dispensable for virus growth, the cdE2 has been
brane, and almost fully covering the outer surface of the shown to be critical for virus survival (Barth et al., 1992;
virus particle, are the viral glycoproteins E1 and E2. The Kail et al., 1991). The direct involvement of cdE2 in bind-
majority of both glycoproteins is found on the external ing the NC was demonstrated by Metsikko¨ and Garoff
surface of the virus; however, both proteins do traverse using a synthetic peptide corresponding to the 31-amino-
the membrane. For Sindbis virus (SINV), the prototype of acid cdE2 of Semliki Forest virus (SFV) (Metsikko¨ and
the alphavirus genus, 33 amino acids from E2, referred Garoff, 1990). This peptide, either free in solution or cou-
to as the cytoplasmic domain (cdE2), as well as 2 amino pled to a solid support, was capable of binding to the
acids from E1 can be found on the inner side of the NC in vitro. Using a slightly different approach, synthetic
membrane (Garoff and Simons, 1974; Rice et al., 1982). peptides, corresponding to specific sequences within the
There is a 1:1 molar relationship between glycoprotein cdE2 of SINV, were used to inhibit virus budding in in-
E2 and the nucleocapsid protein in the virus particle, and fected cells (Collier et al., 1992). The peptides were pro-
cryoelectron microscopy has suggested that each cdE2 posed to competitively inhibit the interaction between the
cdE2 and the NC. These experiments demonstrated the
importance of cdE2 in the interaction between the NC1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (765) 496-1189. E-mail: rjkuhn@bragg.bio.purdue.edu. and the glycoproteins.
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Molecular genetic studies have shown that several resi- placed Y400, which had been previously shown to be
important in the budding reaction, into the pocket. Thedues within this domain of the E2 glycoprotein are im-
portant in the life cycle of the alphaviruses (reviewed in alignment also implicated a second residue in the cdE2,
L402, as important in the interaction between the NC andStrauss and Strauss, 1994). Three conserved cysteine resi-
dues, C396, C416, and C417, have been proposed to be E2 (Lee et al., 1996). This amino acid was predicted to
bind, along with Y400, into the hydrophobic pocket foundimportant for palmitylation, which is thought to be required
for proper association of E2 with the membrane (Ivanova on the surface of the assembled NC. Furthermore, the
proposed hypothesis suggested that the energy derivedand Schlesinger, 1993; Zhao et al., 1994). Furthermore,
the growth of chimeric viruses in which the nucleocapsid from the burial of the hydrophobic residues Y400 and
L402 of the cdE2, as well as certain conserved, hydropho-protein and the glycoproteins are derived from different
viruses can be enhanced by replacement of amino acid bic residues on the surface of the NC, was energetically
sufficient to drive the budding process.residues within cdE2 to correct for differences between
the two viral sequences (Lopez et al., 1994). These amino In an effort to begin testing this hypothesis, we have
undertaken a genetic analysis of SINV E2 residue L402.acids have been suggested to play some role in the associ-
ation of the proteins. Phosphorylation of certain amino Our data suggest that viruses which contain mutations
at L402 are defective in the budding process. Althoughacids in the cdE2 has also been suggested to be important
for budding (Liu and Brown, 1993; Liu et al., 1996). In addi- glycoprotein processing and transport, as well as NC
assembly, appear to occur normally for these viruses,tion, a tyrosine found 10 residues C-terminal from the pre-
dicted site of membrane penetration has been shown to very little infectious virus is released from transfected
cells. The data suggest that there is a defective interac-be critical for virus budding in SFV (Zhao et al., 1994). This
residue (numbered Y400 in SINV) has been suggested to tion between the glycoprotein spike and the NC, in a
manner consistent with the crystallographic model.be important in the interaction between E2 and the NC.
Using this information, as well as additional genetic
and structural data, a hypothesis for the binding of cdE2 MATERIALS AND METHODS
to the NC was developed (Lee et al., 1996). It was pro-
Viruses and cellsposed that the binding is largely mediated by an interac-
tion between two critical hydrophobic amino acids on BHK-15 cells were propagated in Eagle minimal es-
cdE2 and a hydrophobic pocket found on the surface sential medium (MEM) supplemented with 10% fetal bo-
of the nucleocapsid protein. This prediction was based vine serum (FBS) unless otherwise noted. The parental
primarily on a crystal structure of purified SINV nucleo- virus, Toto64, has been previously described (Owen and
capsid protein which revealed the binding of specific Kuhn, 1996). The plasmid encoding the cDNA for Toto64
residues from one monomer of nucleocapsid protein into (pToto64) was used for all mutagenesis. Cell culture was
a hydrophobic pocket found on the surface of an adjacent carried out at 377 unless otherwise noted.
monomer of nucleocapsid protein. The fitted model of
the atomic coordinates of the SINV nucleocapsid protein Construction of mutations at L402
into the cryoelectron microscopy density of Ross River
virus suggested that the interaction which was seen in Substitutions were introduced at amino acid L402 of
the SINV E2 glycoprotein using PCR mutagenesis. A 5*the crystal structure did not reflect the interaction be-
tween nucleocapsid protein monomers within the virion oligonucleotide which corresponded to nucleotides
9801–9839 and was degenerate at the L402 codon was(Cheng et al., 1995; Lee et al., 1996). Moreover, the hy-
drophobic pocket was found exposed on the surface of used to amplify pToto64 DNA. The reverse (3*) oligonu-
cleotide bound to nucleotides 11,276–11,291. The ampli-the NC, facing the viral membrane. One of the residues
in the pocket (Y180) had been previously suggested to fied fragment was digested using BssHII and BsiWI,
which cleave the DNA at nucleotides 9804 and 10,381,be involved in the interaction between the nucleocapsid
protein and E2 (Lee and Brown, 1994). Therefore, a role respectively. This 577-bp fragment was then used to re-
place the corresponding wild-type fragment in thefor the pocket as the binding site of cdE2 was proposed.
The cdE2 was modeled into the hydrophobic pocket in pToto64 background using standard techniques (Ma-
niatis et al., 1982). The resulting clones were screenedthe same orientation in which the nucleocapsid protein
residues fit into the pocket in the crystal structure. Thus, by restriction enzyme digests and sequenced to confirm
the presence of mutations in the full-length background.the crystal structure of nucleocapsid protein by itself
served as a model for the binding of cdE2 to nucleocap- Using this method, seven independent clones were gen-
erated which introduced different mutations at aminosid protein. A similar, though not identical, model for the
involvement of the hydrophobic pocket of the nucleocap- acid 402. The entire 577-bp insert for three of these
clones (L402Y, L402T, and L402D) was sequenced usingsid protein in binding the cdE2 was independently pro-
posed by Skoging et al. (1996). the dideoxy chain termination method to search for addi-
tional unintended mutations.The modeling of the cdE2 into the hydrophobic pocket
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Virus isolation and preliminary characterization directed against the SINV E2 protein and a fluorescein-
conjugated secondary antibody (Kirkegaard & Perry,
Full-length clones were linearized using SacI and tran- Gaithersburg, MD). Cells were visualized using fluores-
scribed in vitro using SP6 RNA polymerase. The resulting cence microscopy and images recorded as TIFF files
RNAs were transfected into BHK cells using either using a CCD camera which was attached to the micro-
DEAE–dextran (Kuhn et al., 1991) or electroporation (Lil- scope. The images were imported into Adobe Photoshop
jestro¨m et al., 1991; Owen and Kuhn, 1996). Following 3.0.5 for placement. No enhancement of the images was
DEAE–dextran transfections, the resulting plaque phe- performed.
notypes were characterized by size relative to one an-
other and the wild type. Individual plaques were then Biotinylation/streptavidin–agarose precipitation
purified and used to infect BHK cells for 48 hr at 377
For the biotinylation experiments, cells were electro-for the generation of stock viruses. Plaque assays were
porated with 10 mg in vitro transcribed RNA and replatedcarried out on the stock viruses, and plaque phenotypes
into 35-mm-diameter culture dishes. At 5 hr postelectro-were observed relative to the wild type.
poration, the cells were starved of methionine for 30 min.In an effort to quantitate the amount of virus being
Following a 15-min pulse with 100 mCi/ml [35S]-produced by transfected cells, media over cells were
methionine, the cells were washed with MEM / 1001removed at 12 hr postelectroporation and the quantity of
unlabeled methionine and placed on ice (i.e., for 15-mininfectious virus in the media was determined by titration
pulse samples) or the media were replaced with MEMon BHK cells. For all experiments in which electropora-
/ 101 methionine / 5% dFBS, and incubation at 377tion was used, the cells were then resuspended in 10
continued for an additional 45 min. At this time, all of theml MEM / 10% FBS and plated as needed. For the titra-
cells were placed on ice and washed with ice-cold PBS.tion assay, 2 ml of cells was replated into 35-mm-diame-
The surface proteins from both the 15-min pulse andter culture dishes and incubated for 12 hr at 377, at which
the 45-min chase were biotinylated for 30 min at 47 astime the plaque assays were performed. Three indepen-
described (Yao et al., 1996) using 1 mg/ml sulfosuccinimi-dent trials were carried out for Toto64, L402Y, L402T,
dyl-6-(biotinamido)hexanoate (NHS–LC–biotin, Pierce,and L402D, whereas a single trial was done for the other
Rockford, IL). Following quenching of the reaction withmutants.
50 mM NH4Cl, the cells were washed twice in PBS and
lysed with 200 ml lysis buffer. Ten microliters from eachPulse labeling of transfected cells
sample was mixed with Laemmli buffer and prepared for
Cells were electroporated with in vitro transcribed RNA SDS–PAGE on 12% acrylamide gels. These were exam-
and resuspended in 10 ml MEM / 10% FBS, and 2 ml ined for total cellular proteins prior to precipitation with
of the cells was plated into a 35-mm-diameter culture streptavidin–agarose.
dish. At 6 hr postelectroporation, the media over the cells Streptavidin–agarose (Sigma, St. Louis, MO) was used
were replaced with MEM 0 methionine / 5% dialyzed to precipitate biotinylated proteins from the extracts as
FBS (dFBS). Following 30 min, the media were again described (Yao et al., 1996). Following precipitation and
replaced, this time with MEM 0 methionine / 20 mCi/ washing, the samples were resuspended in Laemmli
ml [35S]methionine / 5% dFBS. The cells were labeled buffer, boiled for 10 min, and centrifuged. The superna-
for 15 min, at which time they were lysed in 200 ml lysis tants were subjected to SDS–PAGE on 12% acrylamide
buffer [1% Triton X-100, 50 mM Tris–HCl (pH 7.6), 150 gels and visualized using autoradiography. The experi-
mM NaCl, 2 mM EDTA, 0.1 mM PMSF]. Nuclei were ment was completed in duplicate for each of the samples
removed by a 10-min centrifugation at 600 g, and 10 ml tested.
from each sample was mixed with Laemmli sample
buffer and prepared for SDS–PAGE analysis on 12% Assay of intracellular cores
acrylamide gels. All of the images shown (including Figs.
NC accumulation assays were completed as de-2, 3, 4, and 6) were imported into Adobe Photoshop 3.0.5
scribed (Owen and Kuhn, 1996). Briefly, cells were elec-for placement and subsequently into ClarisDraw 1.0 for
troporated with in vitro transcribed RNA using the condi-labeling.
tions described above. The cells were resuspended in
10 ml MEM / 10% FBS, and 2 ml of the cells was platedImmunofluorescence using anti-E2 polyclonal
into a 35-mm-diameter culture dish. Following 5 hr, acti-antibodies
nomycin D was added to a final concentration of 1 mg/ml.
At 6 hr postelectroporation, [5,6-3H]uridine (Amersham,Cells were subjected to immunofluorescence essen-
tially as described (Owen and Kuhn, 1996). At 12 hr post- Arlington Heights, IL) was added to a final concentration
of 20 mCi/ml. Following an additional 6 hr incubation atelectroporation, independent samples were fixed with
either methanol or formaldehyde. Subsequent E2 detec- 377, the cells were lysed and nuclei were pelleted at 600
g for 10 min. The resulting extracts were layered over ation was carried out using a primary polyclonal antibody
AID VY 8480 / 6a2f$$$501 03-19-97 13:23:15 vira AP: Virology
190 OWEN AND KUHN
TABLE 110–40% sucrose gradient and centrifuged for 2.5 hr at
32,000 rpm in an SW41 rotor. The gradients were fraction- Phenotype of L402 Mutants
ated and the amount of label in 50 ml from each fraction
Plaque Virus releasebwas quantitated by scintillation counting. This assay was
Genotype sizea (PFU/ml)completed in triplicate.
In addition to examining NC using [5,6-3H]uridine,
Toto64 (wt) lp 8.0 1 107
cores were labeled with [35S]methionine. In this experi- L402Y mp 7.2 1 105
ment, cells were electroporated as previously described. L402C sp 4.5 1 103
L402T sp 4.9 1 103Labeling of cells with [35S]methionine was initiated at
L402G vsp 1.1 1 1034.75 hr postelectroporation and continued for 1.75 hr, at
L402N vsp 7.6 1 102which time the cells were lysed and the resulting cyto-
L402D vsp 8.3 1 102
plasmic extracts treated exactly as described above. This L402R vsp ND
experiment was carried out once.
a Following DEAE–dextran transfection of BHK cells: lp, large plaque;
mp, midsized plaque; sp, small plaque; vsp, very small plaque.Thin-section electron microscopy
b At 12 hr postelectroporation of BHK cells.
Cells were electroporated with in vitro transcribed RNA
from wild type, L402Y, L402T, and L402D and replated
and the presence of both the NC and the envelope glyco-
onto 35-mm-diameter culture dishes. At 12 hr postelec-
proteins is required for budding to occur (Suomalainen
troporation, the cells were fixed in glutaraldehyde and
et al., 1992). Substitution of specific amino acids in the
embedded in Epon. The samples were then cut,
cdE2 has implicated several residues which are im-
mounted, and immediately thin-sectioned using a dia-
portant for the survival of the virus. Most notably, muta-
tome diamond knife. Sections were placed onto 200
tional studies have shown that Y400 of the cdE2 is critical
mesh copper grids, stained using uranyl acetate and lead
for the interaction of the NC with E2 in SFV (Zhao et
citrate, and examined at 2000–65,0001 magnification on
al., 1994). Crystallographic studies of the nucleocapsid
the JEOL 100X electron microscope. Multiple cells in mul-
protein led to the proposal that Y400 and L402 of the
tiple sections were examined for localization of the NC.
cdE2 bind into a hydrophobic pocket found on the surface
of the nucleocapsid protein (Lee et al., 1996). It was
RESULTS AND DISCUSSION suggested that this binding represented the critical, spe-
cific recognition between the NC and the cdE2 and thatMutations in glycoprotein E2 affect virus replication
the energy derived from the hydrophobic contacts was
The interaction between the outer glycoprotein spike sufficient to drive the budding reaction.
and the inner nucleocapsid core of alphaviruses has A schematic diagram of this interaction is shown in
been shown in several studies to be sequence specific, Fig. 1. To determine if this model accurately reflects in
vivo protein interactions, an understanding of the contri-
butions of individual components predicted to be im-
portant in this interaction is required. Since previous
studies have provided evidence for the importance of
cdE2 residue Y400 in budding, we set out to examine
the requirement for the leucine residue at position 402.
To test the importance of this amino acid, mutations at
this residue in SINV were introduced using PCR and a
degenerate oligonucleotide. Following the DNA amplifi-
cation reaction, a fragment of 577 bp was generated
by restriction digest which corresponded to nucleotidesFIG. 1. Schematic of the binding of cdE2 to the nucleocapsid protein.
A schematic diagram of the fit of the cytoplasmic domain of the E2 9804–10,381. This DNA fragment was ligated into the
glycoprotein (cdE2) into the hydrophobic pocket on the nucleocapsid background of the wild-type cDNA clone, pToto64 (de-
is shown. This model is based on X-ray crystallographic results of the scribed in Owen and Kuhn, 1996). Using this method, a
SINV nucleocapsid protein and modeling studies of the nucleocapsid
range of substitutions was introduced at L402, includingprotein and cdE2 (Lee et al., 1996). The representation shows that Y400
tyrosine, cysteine, threonine, asparagine, glycine, aspar-and L402 of the cdE2 bind into the pocket found on the surface of the
core. This pocket is composed of residues M132, E133, K135, M137, tate, and arginine (Table 1). The clones which were used
F166, Y180, and W247. Only the a-carbons for E133 and K135 partici- for extensive subsequent analysis (i.e., L402Y, L402T,
pate in the binding, whereas the side chains of the other amino acids and L402D) were sequenced across the entire insert to
contribute to the binding. The proposed interaction between Y400 and
ensure that additional mutations were not inadvertentlyL402 and the pocket has been suggested to be critical in the budding
introduced. It should be noted that for L402T, an addi-process of alphaviruses. The cdE2 is depicted in black. The hydropho-
bic pocket is shown in gray. tional mutation of isoleucine to leucine was introduced
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at amino acid 24 in the 6K protein, presumably due to transfections were subjected to Western blot analysis
using anti-nucleocapsid protein antibodies to examinean error in PCR amplification. Also, for all of the clones
including the wild-type pToto64, residue 75 in E1 was a the possibility of a particle/PFU defect. Due to the detec-
tion limits of the assay it was impossible to quantitateglycine instead of an aspartate.
The full-length cDNAs were linearized and transcribed the protein present in the mutant samples; however, the
data did confirm that the mutant-infected cells were pro-into RNA using SP6 RNA polymerase as described, and
the resulting RNAs were transfected into BHK cells using ducing significantly less particles than wild-type infected
cells (data not shown). Therefore, there did not appearDEAE–dextran or electroporation. Following DEAE–dex-
tran transfections, plaque phenotypes were observed. to be a particle/PFU defect in the mutants.
The results, shown in Table 1, suggest that each of the
Translation and processing of E2 occur normally inmutations disrupted virus replication. The data also show
L402 mutantsthat the more hydrophobic tyrosine had considerably less
detrimental effect on the plaque phenotype of the virus
In an effort to determine if the major defect of the
than either the positively or negatively charged amino
viruses was in the interaction between the NC and the
acids. These preliminary data are consistent with the
cdE2, it was necessary to confirm that there were no
hypothesis that the hydrophobic nature and size of the
defects in processing of the mutant glycoproteins. There-
side chain of the amino acid at this position are important
fore, labeling experiments were performed on a repre-
for proper cdE2–NC interaction. It should be noted that
sentative set of mutants. These mutants were chosen
the portion of the pocket on the nucleocapsid that is
for the nature of their amino acid substitution: L402Y is
suggested to bind Y400 is deeper than that which binds
hydrophobic, L402T is polar but uncharged, L402D is
L402. Computer modeling studies in which L402 was
charged. At 6.5 hr postelectroporation of BHK cells with
replaced by a tyrosine residue indicate that there are
in vitro transcribed RNA, the transfected cells were
steric clashes between the tyrosine and the side chains
pulsed with [35S]methionine for 15 min. Cytoplasmic ex-
of the nucleocapsid protein residues M137 and F166 in
tracts were prepared as described and the resulting sam-
the pocket (data not shown).
ples analyzed by SDS–PAGE. Following autoradiography
In addition to plaque size variation among the different
of the gel, the translated proteins were examined for
mutants, the release of the mutant viruses following in-
proper processing. The mutant C417A (kindly provided
fection of BHK cells varied. In an effort to quantitate the
by Dr. Milton Schlesinger), which is defective in pro-
relative success of viral infection, BHK cells were electro-
cessing of the PE2-6K polyprotein, was used as a nega-
porated with the panel of mutant RNAs. At 12 hr postelec-
tive control in the experiment (Ivanova and Schlesinger,
troporation, the media over the cells were collected and
1993). It is noteworthy that this mutant was generated in
the quantity of infectious virus which had been released
a different parental background from either Toto64 or the
was determined by plaque assay. The results show that
L402 mutants, and it is shown as a marker for unpro-
even the substitution of tyrosine for leucine at amino acid
cessed protein. The results of the labeling experiments,
402 caused a two-log decrease in the amount of virus
shown in Fig. 2, suggest that there was no processing
present at 12 hr (Table 1). The less conservative substitu-
defect for any of the L402 mutant glycoproteins. The pro-
tions (i.e., leucine to aspartate) resulted in virus titers
files of the mutants were indistinguishable from that of
which were five logs lower than the wild type. To show
the wild type. In addition, the data show that there is no
that the L402 residue was specifically required for the
apparent translation defect for the mutants, since the
proper cdE2 function, the mutant A401I (kindly provided
intensity of the bands for the wild-type and mutant sam-
by Dr. Milton Schlesinger) which alters the adjacent resi-
ples is equivalent.
due was subjected to similar experiments. Although this
virus cannot be compared directly with the L402 mutants Translocation of E2 is unaffected by mutations at
since it was generated in a different parental background L402
(pToto1101), our results indicate that A401I did not be-
have significantly different from the wild-type as deter- To examine the transport of the glycoproteins to the
cell surface, two independent techniques were used.mined by virus titration at 12 hr (data not shown). Also,
the plaque size of A401I was indistinguishable from the Qualitative transport of E2 was assessed by surface im-
munofluorescence using anti-E2 polyclonal antibodieswild type. This is further support for the crystallographic
model, since it predicted that the side chain of amino (Fig. 3). Cells were electroporated with in vitro tran-
scribed RNA from wild type, L402Y, L402T, or L402D.acid 401 would point away from the pocket and therefore
not be involved in binding the cdE2 to the nucleocapsid At 12 hr, independent samples were fixed with either
methanol (Fig. 3A) or formaldehyde (Fig. 3B). Following(see Fig. 1). Thus, the results with A401I are consistent
with the model’s predictions. fixing, the cells were treated with a polyclonal antibody
directed against E2, then subsequently treated with aIn addition to assaying for the release of infectious
virus, the supernatants from wild-type, L402Y, and L402D secondary antibody which was conjugated to fluores-
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fore, based on a qualitative assessment, there did not
appear to be a defect in transport of E2 to the cell surface.
In addition to immunofluorescence, biotinylation of sur-
face proteins was used to examine transport of E2 to the
cell surface. Pulse–chase experiments using [35S]-
methionine were carried out following electroporation,
and at the indicated times, surface-localized proteins
were labeled with biotin. Cells were lysed and the cyto-
plasmic extracts subjected to precipitation using strep-
tavidin–agarose. The resulting samples were prepared
FIG. 2. Translation and processing of the E2 glycoprotein. Cells were in Laemmli sample buffer and separated using SDS–
electroporated with in vitro transcribed RNA from the wild-type or mu-
PAGE. The data, shown in Fig. 4, indicate that no detect-tant clones. At 6.5 hr postelectroporation, the cells were pulsed with
able protein was found at the surface following the 15-[35S]methionine for 15 min, at which time they were placed on ice,
lysed, and subjected to SDS–PAGE and autoradiography. The control min pulse. The data also confirm that by 45 min after
C417A was used as a marker for uncleaved PE2/6K product. This virus, labeling, the E2 glycoprotein is translocated normally to
which has a single change in SINV E2 at amino acid C417, has been the cell surface for each of the mutants tested. In fact,
shown to be defective in processing of the viral polyprotein (Ivanova
for all of the mutants there was slightly more glycoproteinand Schlesinger, 1993). For C417A, virus was used to infect cells at
on the cell surface relative to the wild-type control. Thisan m.o.i. 5 instead of electroporation. Following infection, the sample
was treated identically to the others. It should also be noted that the phenomenon has been previously reported to occur in
background parental virus for both Toto64 and the L402 mutants is mutants which are defective in the budding process
Toto50, whereas C417A was generated using Toto1101 as the parental (Gaedigk-Nitschko and Schlesinger, 1991). Therefore, the
background (Rice et al., 1987).
data confirm that there do not appear to be defects in
translocation or processing of E2 for the L402 mutants.
cein. Methanol permeablizes cell membranes so that
staining of E2 anywhere in the cell could be visualized. Mutations at E2 L402 do not disrupt NC assembly
In contrast, formaldehyde does not permeablize mem-
branes; therefore, only cell-surface staining was seen in The assembly of alphaviruses involves the association
of nucleocapsid protein subunits with each other and thethese samples. The results demonstrate that for both
fixing methods, the staining pattern of the mutant-trans- RNA to form the NC, as well as association of the NC
with the glycoproteins to form the mature virion. To en-fected cells was identical to that of the wild type. There-
FIG. 3. Localization of E2 by immunofluorescence. Cells were transfected by electroporation with wild-type or mutant in vitro transcribed RNA.
At 12 hr postelectroporation, the cells were fixed using either (A) methanol or (B) formaldehyde and subjected to immunofluorescence using a
polyclonal antibody directed against E2 as described. Total E2 present in the cell is seen in (A), whereas only cell-surface staining is shown in (B).
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FIG. 4. Quantitation of surface-localized E2 by biotinylation. (A) Cells were transfected with RNA as described. At 5.5 hr postelectroporation, cells
were pulsed with [35S]methionine for 15 min. One set of samples was then placed on ice and washed twice with MEM / 1001 methionine. These
cells were left on ice until after the 45-min chase. The second set of samples was washed with MEM / 1001 methionine, then the media over
the cells were replaced with MEM / 5% dFCS / 101 methionine, and incubation at 377 continued for an additional 45 min. After this time, the
cells were placed on ice and surface-localized proteins on both the 15-min pulse samples and the 45-min chase samples were biotinylated as
described (Yao et al., 1996). A sample from each of these unprecipitated samples was examined by autoradiography of SDS–PAGE and is shown.
(B) The biotinylated proteins in the supernatant from (A) were precipitated using streptavidin–agarose beads, separated by SDS–PAGE, and
examined by autoradiography. This experiment was completed twice with equivalent results.
sure that the assembly of the NC was unaffected in the the bottom of the gradient represents intact NC, whereas
the peak which migrates higher in the gradient has beenL402 mutants, a nucleocapsid accumulation assay was
performed following electroporation. Six hours postelec- shown to contain nucleocapsid protein in complex with
ribosomes (Ulmanen et al., 1976; So¨derlund and Ulma-troporation with in vitro transcribed RNA (wild type,
L402Y, L402T, or L402D), replicating RNA was labeled nen, 1977). The data demonstrate that the amount of [5,6-
3H]uridine which sedimented in the NC peak was slightlywith [5,6-3H]uridine. At 12 hr postelectroporation, the
cells were lysed and nuclear-free extracts were analyzed more for the mutant viruses. This indicates that the mu-
tant viruses accumulated slightly more NC than the wildby sucrose gradient centrifugation. Following fraction-
ation, radioactivity was quantitated using scintillation type. In the third trial, the mutants accumulated NC at
wild-type levels.counting. Figure 5A shows a representative profile, seen
in two of the three trials. The peak migrating closer to To examine the protein present in the NC, an indepen-
FIG. 5. Accumulation of intracellular nucleocapsid cores. (A) BHK cells were electroporated with wild-type or mutant in vitro transcribed RNAs.
Following a 6-hr incubation at 377, replicating RNA within the cells was labeled with [5,6-3H]uridine. The labeling was continued until 12 hr
posttransfection when the cells were lysed and cytoplasmic extracts prepared. These were layered over 10–40% sucrose gradients, sedimented,
and fractionated. The amount of label in each fraction was determined by scintillation counting. The experiments were completed in triplicate and
a representative profile is shown. (B) BHK cells were electroporated with wild-type or mutant in vitro transcribed RNAs. At 4.75 hr postelectroporation,
[35S]methionine was added to the cells. Labeling was continued until 6.5 hr postelectroporation, when the cells were lysed and cytoplasmic extracts
treated as in (A). Symbols: (s) mock; (h) Toto64; (l) L402Y; (j) L402T; (m) L402D.
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dent experiment was carried out in which NC were la- type infected cells clearly showed the intracellular NC
adhering to internal membranes, probably Golgi (Fig. 6A).beled using [35S]methionine. In this experiment, cells
were electroporated with in vitro transcribed RNA and In contrast, although the L402 mutants had been shown
to accumulate NC at least at wild-type levels at 12 hrlabeled with [35S]methionine as described. The results,
shown in Fig. 5B, confirmed those of the [5,6-3H]uridine- (see Fig. 5), these accumulated NC were not associated
with the Golgi membranes (Fig. 6B). Instead, the mutantlabeling experiment, with equivalent amounts of [35S]-
methionine sedimenting at the position of the NC for NC were found either free in the cytoplasm of infected
cells or very occasionally associated with what appearedthe mutants and the wild type. Taken together, the data
demonstrate that the mutant viruses accumulate NC at, to be large, indistinct vesicles. The latter associations
were also seen with the wild-type infections in a minorityor higher than, wild-type levels. In addition, the NC for
the mutant viruses sedimented in the same position on of cells. Examination of the plasma membranes of trans-
fected cells showed that, for the mutants, there was nothe sucrose gradient as the wild-type NC, suggesting
that they were similar in size and composition. Western association of cores with the plasma membrane nor were
any budding particles evident. Cells transfected withblot analysis of the gradient fractions using anti-nucleo-
capsid protein antibodies, as well as autoradiography wild-type RNA, on the contrary, showed many particles
budding from the plasma membrane. These results sug-following SDS–PAGE, also confirmed that the amount of
protein in the NC appeared to be the same for the mu- gest that in the L402 mutants there was a disruption in
the physical interaction between the NC and the mem-tants and the wild type (data not shown). SDS–PAGE of
unfractionated cytoplasmic extracts also suggested that branes. Since the association of the NC with the mem-
branes is probably mediated by an interaction betweenthe total amount of translated protein for the mutants
was equivalent to that of the wild-type virus (data not the cdE2 and the intracellular NC, we conclude that this
interaction has been disrupted in the mutants. Equivalentshown). These data support the assertion that the mutant
viruses are not defective in RNA replication or protein results were seen for L402Y, L402T, and L402D.
translation. Furthermore, the mutant viruses appear to
be competent for the assembly of the NC. Therefore, the Comparison of L402 mutants with Y400 mutants
data suggest that none of the viruses with mutations at
L402 of the E2 glycoprotein were defective in the early Overall, the L402 mutants displayed very similar phe-
notypes to the SFV mutants which contained mutationssteps of virus assembly; however, the mutant viruses
were unable to bud from the infected cell. Since the at the critical tyrosine (Zhao et al., 1994). Neither class
of mutants appeared to be defective in RNA replication,glycoproteins were translated, processed, and trans-
ported normally for the mutants, it is likely that the defec- transcription, or translation. In addition, glycoproteins
from both the Y400 mutants and the L402 mutants ap-tive budding was caused by an inefficient interaction
between the NC and E2. peared to be wild type for both processing and transloca-
tion. Although the Y400 mutants were not tested for the
accumulation of intracellular NC, our data clearly showElectron microscopy reveals a disrupted interaction
that the L402 mutants are not defective in NC assembly.between membranes and the NC
In addition, at least the L402 mutants did not appear to
have particle/PFU problems, which would be indicativeThe localization of intracellular NC to internal mem-
branes has been widely reported (for example, see of entry or disassembly defects. Therefore, the major
defect in both classes of mutants is budding. On theFroshauer et al., 1988; Liu et al., 1996; Zhao et al., 1994)
and has been suggested to involve an interaction with basis of electron micrographs, there appears to be a
disruption in the interaction between the cytoplasmic do-the glycoproteins, as they transit out of the cell in mem-
brane-bound organelles. Therefore, a disruption in the main of the glycoprotein and the intracellular NC. These
data are consistent with the prediction that the two resi-interaction between the cdE2 and the NC should cause
the intracellular cores not to colocalize with the internal dues are critical for the interaction between the hy-
drophobic pocket on the nucleocapsid protein and themembranes. Lack of colocalization was seen previously
in the SFV mutants which contained substitutions at the cytoplasmic domain of E2. Although the binding site on
the nucleocapsid protein has not been confirmed by di-critical tyrosine in cdE2, corresponding to Y400 in SINV
(Zhao et al., 1994), as well as in SINV mutants suggested rect physical evidence, our data do confirm the impor-
tance of E2 residue L402 in this interaction. In addition,to be defective in budding (Liu et al., 1996).
To examine the interaction between the glycoprotein the data lend further support to the proposed molecular
model which identifies critical interactions required forand the intracellular NC, cells transfected with wild-type
and mutant RNAs were subjected to thin-section electron the budding of alphaviruses.
The data do not preclude the possibility that othermicroscopy. At 12 hr postelectroporation, the cells were
fixed in glutaraldehyde, scraped from the plates, and pre- amino acids on the cdE2 are also important in the interac-
tion between the NC and the glycoproteins. It is likelypared for electron microscopy. The micrographs of wild-
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FIG. 6. Electron microscopy of Toto64 and L402D. Shown is a representative electron micrograph of the intracellular localization of nucleocapsid
cores at 12 hr postelectroporation with in vitro transcribed RNA from (A) Toto64 or (B) L402D. The bar represents 250 nm.
Sindbis virus capsid protein in isolated nucleocapsids. Virus Res. 7,that other amino acids orient the cdE2 such that it can
131–149.bind efficiently to the NC. This may be the reason why
Froshauer, S., Kartenbeck, J., and Helenius, A. (1988). Alphavirus RNA
a peptide which included both Y400 and L402, but did replicase is located on the cytoplasmic surface of endosomes and
not include the C-terminus of the cdE2, was unable to lysosomes. J. Cell Biol. 107, 2075–2086.
Fuller, S. D. (1987). The T  4 envelope of Sindbis virus is organizedbind to the NC in vitro (Metsikko¨ and Garoff, 1990). Our
by interactions with a complementary T  3 capsid. Cell 48, 923–results do confirm, however, that L402 is a critical compo-
934.nent in the interaction between the proteins, independent
Gaedigk-Nitschko, K., and Schlesinger, M. J. (1991). Site-directed muta-
of other residues. Furthermore, these data, in conjunction tions in Sindbis virus E2 glycoprotein’s cytoplasmic domain and the
with those of Zhao et al., suggest that the hydrophobic 6K protein lead to similar defects in virus assembly and budding.
Virology 183, 206–214.nature of the interacting cdE2 amino acids is essential
Garoff, H., and Simons, K. (1974). Location of the spike glycoproteinsfor efficient budding of the virus. In fact, revertants to the
in the Semliki Forest virus membrane. Proc. Natl. Acad. Sci. USA 71,Y400 mutants invariably changed the mutated amino acid
3988–3992.
back to a hydrophobic residue (Zhao et al., 1994). These Hahn, C. S., Lustig, S., Strauss, E. G., and Strauss, J. H. (1988). Western
data point toward a hydrophobic interaction being the equine encephalitis virus is a recombinant virus. Proc. Natl. Acad.
Sci. USA 85, 5997–6001.driving force for budding.
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